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Integration of high-risk human papillomavirus (HRHPV) into the
host genome is a key event in cervical neoplastic progression.
Integration is associated with deregulated expression of the viral
oncogenes E6 and E7 and acquisition of a selective growth advan-
tage for cells containing integrants. Overexpression of the viral
transcriptional regulator E2 from heterologous promoters has an
inhibitory effect on transcription from integrated HRHPV. There-
fore, we hypothesized that loss of E2-expressing episomes from
cells in which integration had previously occurred would be re-
quired for such cells to gain a growth advantage. Using the unique
W12 model of cervical squamous carcinogenesis, we show that
cells containing integrated HPV16 reproducibly emerged during
long-term culture when there had been a rapid fall in episome
numbers. During the period of emergence, it is possible to isolate
single-cell clones containing an intracellular mixture of the inte-
grant being selected and episomes at reduced load. The lower level
of E2 expression seen in such cells is associated with partial
inhibition of transcription from the HPV16 integrant. Full deregu-
lation is not observed until complete loss of E2-expressing epi-
somes occurs. Microarray analysis showed that episome loss was
closely associated with endogenous activation of antiviral re-
sponse genes that are also inducible by the type I IFN pathway.
Taken together, our results indicate that episome loss, associated
with induction of antiviral response genes, is a key event in the
spontaneous selection of cervical keratinocytes containing inte-
grated HPV16. We conclude that cervical carcinogenesis requires
not only HRHPV integration, but also loss of inhibitory episomes.

human papillomavirus � cervix � integration � interferon � progression

Integration of high-risk human papillomavirus (HRHPV) into
the host genome is an important step in cervical neoplastic

progression (1, 2). Integrated viral genomes from which HRHPV
early genes are transcribed have been detected in �87.5% of
cervical malignancies (3). Integration usually causes deletion or
disruption of the viral regulatory E2 gene, while retaining a
variable segment including the E6 and E7 oncogenes and the
upstream regulatory region (4, 5). Overexpression of E2 from
heterologous promoters in cells harboring integrated HRHPV
can repress the early promoter of the integrated virus, causing a
sharp reduction in E6 and E7 expression (6). Thus, HRHPV
integration and disruption�deletion of E2 leads to increased
expression of the viral oncogenes (7, 8). Cells containing inte-
grated HRHPV acquire a growth advantage over cells harboring
episomal HRHPV (the natural viral state in productive infec-
tions) and show increased genomic instability (9–11).

Cervical keratinocyte cell lines established from precursor
low-grade squamous intraepithelial lesions have indicated that
episomal HRHPV genomes are maintained at �100 copies per
cell in the basal region of an infected epithelium (12, 13). Viral
integration is therefore most likely to occur in cells containing
this number of episomes. It has recently been suggested that,
whereas overexpression of E2 can inhibit the early promoter of

integrated HRHPV, it has little or no effect on the transcription
from episomal HRHPV (14). It follows that physiological levels
of E2 expressed in episomally infected keratinocytes could
inhibit transcription from coexistent integrants, preventing de-
regulated viral oncogene expression, cell selection, and clonal
outgrowth. We therefore hypothesize that loss of E2-expressing
episomes plays a key role in the emergence of cervical keratin-
ocytes containing ‘‘selectable’’ HRHPV integrants (i.e., those
that retain the upstream regulatory region, E6, and E7 and have
disrupted�deleted E2 genes). This model represents a departure
from prevailing views of HRHPV-related oncogenesis, because
progression is generally assumed to be due simply to cells
containing exclusively integrated HRHPV outgrowing cells with
only episomal genomes (7).

We have tested our hypothesis by using the unique HPV16-
containing cervical keratinocyte cell line W12 in monolayer
culture (12); this represents a useful system to investigate the
effects of HPV16 infection in basal cervical squamous cells, the
key site of deregulation of HRHPV viral oncogenes in cervical
neoplasia (10). W12 was derived from a low-grade squamous
intraepithelial lesion (LG-SIL), which resulted from ‘‘natural’’
infection in vivo with HPV16, the HRHPV type most commonly
detected in cervical carcinomas (15). At early passages, W12
retains �100 HPV16 episomes per cell and recapitulates a
LG-SIL in organotypic culture (8, 12). We have previously
demonstrated that W12 accurately models cervical neoplastic
progression during long-term culture, with spontaneous transi-
tion from cells containing only episomal HPV16 to a population
containing only integrated HPV16 (8, 10). Therefore, W12
represents a valuable system for studying events associated with
spontaneous selection of cervical keratinocytes containing only
integrated HRHPV.

By growing W12 in long-term culture and undertaking single-
cell cloning we demonstrate here that selection of cells contain-
ing integrated HPV16 is indeed associated with episome loss
from cells also containing the integrant. Moreover, episome loss
is itself associated with endogenous activation of antiviral genes.
Our data suggest that models of HRHPV-related carcinogenesis
must include not only viral integration but also the steps leading
to loss of episome-mediated inhibition of selectable integrants.

Results
Physical State of HPV16 in Multiple Long-Term Passage Series of W12.
We previously showed that in a long-term passage series of W12,
referred to here as W12.Series1, there was loss of episomal
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HPV16 and selection of cells containing only integrated virus (8,
10). We aimed to analyze the period of selective outgrowth more
closely and to determine the characteristics of episome loss in
additional long-term series (W12.Series2 and W12.Series3) orig-
inating from the same starting polyclonal population at passage
10 (W12p10EPI, which contains �100 episomes per cell; refs. 8
and 12).

We performed Southern blot analysis using the HPV16 single-
cutter BamHI (Fig. 1A, for W12.Series3, see Fig. 5, which is
published as supporting information on the PNAS web site) and
quantified episomes based on the intensity of the 7.9-kb episomal
band (Fig. 1B). W12.Series1 demonstrated an early rapid reduc-
tion in episome numbers. By passage 13 (p13), the average
episome content was reduced by more than 95%, and this was
followed by a more gradual reduction in residual episomes until
none was detectable by p19. The selected HPV16 integrant
(indicated by the presence of two additional BamHI bands)
emerged when episome numbers had rapidly fallen and was
subsequently retained.

A comparable pattern of events was observed in W12.Series2.
Rapid episome loss was observed between p18 and p20, where
average episome content was reduced by �80%. A different
selected integrant (producing two virus–host junction bands of
different sizes to those in Series1) emerged when episome
numbers had fallen rapidly. There was a more gradual reduction
of residual episomes during subsequent passages. In contrast, in

W12.Series3 neither loss of episomes nor selection of integrated
HPV16 were observed after 20 passages and �100 population
doublings (Fig. 5). These observations indicate that spontaneous
selection of integrated HPV16 is associated reproducibly with
rapid loss of episomes, although these events are not inevitable
and their timing varies.

Clonal Analysis of W12 Long-Term Passage Series1 During the Period
of Rapid Episome Loss. Although Southern blot analysis was con-
sistent with our hypothesis, we considered the alternative explana-
tion that the kinetics of episome loss may simply have reflected
integrant-only cells outgrowing variably less ‘‘fit’’ episome-only
populations. Therefore, we generated single-cell clones by limiting
dilution of W12.Series1 at p11; i.e., during the period of rapid
episome loss and selection of integrated HPV16 (Fig. 1B). Thirty
clones were generated, designated W12.MRP1–30.

We have shown that the upstream virus–host junction of the
selected HPV16 integrant in W12.Series1 comprises a disrupted
L2 gene and sequences at chromosome 5p15.1 (10). Therefore,
we were able to design a PCR protocol for screening the physical
state of HPV16 in the single-cell clones (see Fig. 6 and Supporting
Text, which are published as supporting information on the
PNAS web site). Based on the PCR results, Southern blot
analysis was performed on six selected clones; W12.MRP12 and
-20 (suggested by PCR to contain episomes and the integrant
being selected), W12.MRP3 and -29 (containing the integrant

Fig. 1. Southern blot analysis of HPV16 physical state in multiple long-term passage series of polyclonal W12. (A) Genomic DNA from independent long-term
passage series of W12, each starting from episome-only cells (W12p10EPI), were digested with the HPV16 single-cutter BamHI and subjected to Southern blot
analysis using 32P-labeled full-length HPV16 as probe. The images depict autoradiographs of the hybridization pattern from W12 long-term passage series 1 and
2 (for series 3, see Fig. 5), together with copy number controls (right lanes). Red and blue arrowheads indicate bands generated by unit length HPV16 and
virus–host junctions, respectively. Red and blue arrows indicate partially digested HPV16 episomes and HPV16-containing fragments, respectively. (B) Line graphs
depicting PhosphorImager quantification of the average HPV16 episome copy number per cell in each of the long-term passage series. Black arrowheads indicate
the passage at which integrated HPV16 was first detected in W12.Series1 and Series2. Limiting dilution cloning of cells in W12.Series1 was performed at p11
(yellow arrowhead). (C) Southern blot analysis of selected single-cell clones generated from W12.Series1. (i) Selected clones digested with BamHI. (ii and iii)
Comparison of W12p10EPI and clone W12.MRP20, digested with BamHI (ii) or the HPV16 noncutter HindIII (iii). Copy number controls are also shown in ii. The
red and blue arrowheads and blue arrow are as in A. Black arrowheads in i indicate bands generated by nonselected virus–host junctions in W12.MRP28. Green
arrowheads in iii indicate various forms of uncut HPV16 episomes.
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only), and W12.MRP15 and -28 (E7-positive but negative for
episomes and the integrant) (Fig. 1C).

BamHI digestion of DNA from W12.MRP12 and -20 con-
firmed the presence of an intracellular mixture of episomes and
the integrant being selected, as indicated by both the 7.9-kb band
and the virus–host junction fragments (Fig. 1Ci). The episome
content in W12.MRP12 was lower than in W12.MRP20. Quan-
titative PhosphorImager analysis demonstrated an average of
five episomes per cell in W12.MRP20, �5% of the load in
W12p10EPI (Fig. 1Cii). Southern blot analysis of W12.MRP20
with the HPV16 noncutter HindIII confirmed that the 7.9-kb
band represented episomal HPV16 and not unit-length head-
to-tail integrated concatamers (Fig. 1Ciii). Clones W12.MRP3
and -29 contained only the HPV16 integrant. W12.MRP15 also
showed virus–host junction bands of the selected HPV16 inte-
grant, indicating failure of PCR amplification of the virus–host
junction in this clone. Interestingly, W12.MRP28 showed the
presence of two previously undetected virus–host junction
bands, demonstrating the presence of at least one additional
integrant within W12.Series1 that was out-competed during
evolution of the polyclonal population.

Isolation of cells containing an intracellular mixture of epi-
somes and the integrant being selected argues against a process
of selection in which integrant-only cells outgrew episome-only
cells. Given that all cells containing a selected integrant must
ultimately be derived from the same cell of origin, the observa-
tion that the integrant in the ‘‘mixed’’ clones W12.MRP12 and
-20 was identical to that in the fully selected integrant-only cells
indicated that all of the integrant-bearing cells must have
contained episomal HPV16 at some point during their evolution.
Because retention of HPV episomes requires �100 copies per
cell (12, 13), we conclude that the residual episomes in clones
W12.MRP12 and -20 were in the process of being lost rapidly.
Consistent with this, a parallel cloning experiment where the
number of population doublings was higher before analysis of
HPV16 physical state yielded 35 clones containing only the
selected integrant. Thus, the mixed clones W12.MRP12 and -20
represented valuable isolates from a highly transient intermedi-
ate step in the selection process. The higher episome content in
W12.MRP20 indicated that this clone represented an earlier
stage of selection than W12.MRP12.

Viral Gene Expression in Selected W12.MRP Clones. We analyzed
viral gene expression in W12 populations representing different
stages in the process of integrant selection. We compared
W12p10EPI (episome-only) with clones W12.MRP20 (undergo-
ing selection for the integrant) and W12.MRP29 (containing
only the selected integrant), which are henceforth referred to as
W12.MRP20MIX and W12.MRP29INT. E2 expression from epi-
somes in W12.MRP20MIX was reduced by a level similar to the
reduction in episome content (Fig. 2A); to �2% of levels in
W12p10EPI. E2 was undetectable in W12.MRP29INT. Expression
levels of E6 and E7 were increased in W12.MRP29INT relative to
W12p10EPI. Given that HPV16 copy number in W12.MRP29INT
was �5% of that in W12p10EPI (8, 12), this represented signif-
icant deregulation of each viral transcription center after com-
plete selection of integrated HPV16. Interestingly, levels of E6
and E7 in W12.MRP20MIX were intermediate between those in
W12p10EPI and W12.MRP29INT. The incomplete deregulation
of viral oncogene levels in W12.MRP20MIX suggested that
residual E2 expressed from the homologous HPV16 episomal
promoter (even after a 98% reduction in levels) could still exert
a partial inhibitory effect on expression from the integrant.

Expression Microarray Analysis. Microarray analysis was per-
formed to determine whether the episome loss was associated
with specific changes in host gene expression, and whether the
expression of any such genes subsequently reverted following
complete episome clearance. The populations W12p10EPI,
W12.MRP20MIX, and W12.MRP29INT were analyzed as a time
course. A total of 776 characterized genes showed a significant
change in expression in at least one population. K means cluster
analysis of these genes generated four sets (sets 1–4, Fig. 2B) for
which patterns of expression change included a significant
difference between W12p10EPI and W12.MRP20MIX, the period
when the major reduction in episomal load occurred. Four
additional sets showing significant change overall between
W12p10EPI and W12.MRP29INT but not between W12p10EPI and
W12.MRP20MIX were also generated (data not shown). These
were not considered further because it was much less likely that
they would contain genes contributing to episome loss. Sets 1 and
2 were closely related, in that they contained genes that showed
increased expression in W12.MRP20MIX relative to W12p10EPI,
followed by a drop in W12.MRP29INT. The drop was back to

Fig. 2. Patterns of viral and host gene expression associated with episome loss and selection of integrated HPV16. (A) Relationship between HPV16 episome
number and viral gene expression in clones, presented as a percentage relative to W12p10EPI. W12.MRP20MIX demonstrates �5% episome copy number and 2%
E2 expression level relative to W12p10EPI, whereas W12.MRP29INT demonstrates 0% relative to W12p10EPI for both. Error bars show the standard error of mean
percentage expression levels, normalized by using four host housekeeping genes. (B) Selected k-means clusters generated from microarray analysis of W12p10EPI,
W12.MRP20MIX, and W12.MRP29INT. Normalized intensity (y axis) refers to a per gene normalization using the mean value for W12p10EPI as a reference, and
therefore equates for each gene to expression ratio versus W12p10EPI.
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baseline (or just below) in set 1 and to above baseline in set 2.
Sets 3 and 4 were also closely related to each other, showing
reciprocal patterns to those seen in sets 1 and 2, respectively.
Genes showing �5-fold changes in expression in
W12.MRP20MIX versus W12p10EPI were: SCGB1A1 (GenBank
accession no. NM�003357) in set 1; C3 (GenBank accession no.
NM�000064); CEACAM1 (GenBank accession no. X16352),
DUSP4 (GenBank accession no. NM�001394), GALNT5 (Gen-
Bank accession no. BF002195), GDF15 (GenBank accession no.
AF003934), MSMB (GenBank accession no. NM�002443),
MUC4 (GenBank accession no. AJ242547), PTGS2 (GenBank
accession no. AY151286), SLC16A14 (GenBank accession no.
R15072), and WFDC2 (GenBank accession no. NM�006103) in
set 2; EMP3 (GenBank accession no. NM�001425) in set 3; and
CXCL14 (GenBank accession no. NM�004887), ECHDC3 (Gen-
Bank accession no. NM�024693), FLJ20366 (GenBank accession
no. NM�017786), and TNC (GenBank accession no. NM�002160)
in set 4.

Gene Ontology (GO) Analysis of Genes in k Means Cluster Sets 1–4.
Significantly enriched GO biological processes in k means cluster
sets 1–4 are shown in Table 1, which is published as supporting
information on the PNAS web site. The most significant repre-
sentation in set 1 was from ‘‘response to virus’’ genes. Other GO
categories in this set were closely related, for example ‘‘response
to external biotic stimulus’’ and ‘‘immune response.’’ A further
overrepresented biological pathway in set 1, and also in the
closely related set 2, was TGF-� receptor signaling. In set 2, this
was the only significantly enriched GO biological process. The
GO categories in sets 3 and 4 were markedly different to those
in sets 1 and 2. Many were related to cell cycle entry and
progression, particularly M phase.

Changes in Relative Expression of Antiviral Genes Inducible by the
Type I IFN Pathway. The majority of the response to virus genes in
set 1, such as MX1, MX2, OAS1, TRIM22, and G1P3, are induced
by the type I IFN pathway. Also present in set 1 was a key
regulator of IFN pathway, IRF7. Review of the array data
showed that the majority of IFN-inducible genes had an essen-
tially comparable pattern of gene expression change, with an
increase in W12.MRP20MIX relative to W12p10EPI, followed by
a decrease back to baseline or below in W12.MRP29INT (Fig. 7,
which is published as supporting information on the PNAS web
site). Array data for two IFN-inducible and two mitotic genes
was validated by real-time RT-PCR (Fig. 8, which is published as
supporting information on the PNAS web site). Taken together,
these data indicated that an increase in expression of antiviral
genes (that are inducible by type I IFN) was closely associated
with episome loss during the selection of cells containing only
integrated HPV16.

Expression of Antiviral Genes in W12 Long-Term Passage Series 2. In
view of the data obtained from W12.Series1, we performed
quantitative PCR analysis of polyclonal long-term passage
W12.Series2. We again observed a close association between
increased expression of the IFN-inducible antiviral genes MX1
and IFI27 and the period of rapid episome loss. Both genes
showed increased expression at p18 and a further increase at p20,
with rapid episome loss occurring between these passages (Fig.
3). Expression of both genes reverted to baseline or just below
by p31, when virtually all episomes had been lost. These data
demonstrated that activation of antiviral response genes is
associated reproducibly with loss of episomal HPV16 and selec-
tion of integrated virus in the W12 system.

Discussion
We have demonstrated that selection of cervical keratinocytes
containing integrated HPV16 reproducibly occurred during

long-term passage of W12 when numbers of HPV16 episomes
had fallen rapidly. To our knowledge, ours is the first indication
that low levels of E2 expressed from the homologous early
promoter of HPV16 episomes (in cells representing an interme-
diate step in the selection process) can partially inhibit expres-
sion of a selectable integrant. We showed in a parallel study
(M.T.H., M.R.P., I. Roberts, W. O. F. Alazawi, A. E. Teschern-
dorff, X.-Y. Zhang, M.A.S., and N.C., unpublished data) that
activation of antiviral genes does not inhibit transcription from
integrated HPV16. Assuming that the substantially higher levels
of E2 expressed in keratinocytes containing a ‘‘normal’’ episome
content (100 copies per cell) exert more complete inhibition, our
data suggest that episome loss is not only closely associated with
selection of integrated HPV16 but is also a prerequisite event.
Consistent with this, our parallel study (M.T.H., M.R.P., I.
Roberts, W. O. F. Alazawi, A. E. Tescherndorff, X.-Y. Zhang,
M.A.S., and N.C., unpublished data) demonstrated that ‘‘select-
able’’ integrated HPV16 can exist in a minority of cells in a
polyclonal population for long periods without exerting a selec-
tive growth advantage until episome loss is initiated. Indeed, we
also found that multiple different integrants may exist in a
polyclonal population before the emergence of a particular clone
(M.T.H., M.R.P., I. Roberts, W. O. F. Alazawi, A. E. Teschern-
dorff, X.-Y. Zhang, M.A.S., and N.C., unpublished data). Our
finding in the present study of a rare integrant (in clone
W12.MRP28) that was not ultimately selected in W12.Series1
supports these observations.

Rapid loss of HPV16 episomes correlates closely with in-
creased expression of antiviral genes (inducible by type I IFN;
ref. 16) and genes in the TGF-� receptor signaling pathway, with
expression levels returning to baseline after complete episome
clearance and selection of integrated HPV16. In other studies,
exogenous type I IFN produced a gradual reduction in episome
load in cells containing bovine papillomavirus type 1 and HPV31
episomes (17, 18) and, in our parallel study (M.T.H., M.R.P., I.
Roberts, W. O. F. Alazawi, A. E. Tescherndorff, X.-Y. Zhang,
M.A.S., and N.C., unpublished data) of early passage W12
(containing HPV16 episomes), rapidly initiated episomal clear-
ance and hastened the transition from episomal to integrated
HPV16.

Fig. 3. Long-term passage W12.Series2: Relationship between episome copy
number and antiviral gene expression in polyclonal cells. HPV16 episome copy
number (dashed line) is presented as a percentage of that at P15 (W12.S2.p15),
as determined by PhosphorImager analysis (right y axis). Expression levels of
MX1 (red bars) and IFI27 (white bars) are ratios relative to W12.S2.p15, as
determined by quantitative PCR (left y axis), with error bars representing the
standard error.
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Taken together, our results are consistent with the scheme of
events proposed in Fig. 4. Endogenous activation of antiviral
genes in a cell containing a ‘‘selectable’’ HPV16 integrant
induces a decrease in episome content, with proportionate
reduction in episomal expression of E2, E6, and E7. Reduced E6
and E7 will lead to reduced inhibition of type I IFN-inducible
genes (19–22) and the TGF-� pathway (23–25). These events
would account for decreased expression of cell cycle genes (17,
26), and would also lead to rapid further reduction in episome
levels in a positive feedback loop. Episome loss will eventually
cause E2 expression to reach a critical low level, at which
expression from the coexisting integrated HRHPV can no longer
be inhibited. Deregulated expression of E6 and E7 from the
integrant will confer a selective advantage and increase genomic
instability, and at the same time inhibit type I IFN-inducible
genes and activation of the TGF-� pathway. Thus, the expression
levels of these host genes in emergent cells containing integrated
HPV16 only will revert to baseline levels.

We have not yet identified the initial trigger for episome loss.
Previous studies have suggested that the HRHPV E2 gene is
required for a full antiviral response to be elicited by exogenous
IFN (17). On the other hand, inhibition of type I IFN-inducible
antiviral genes by the viral oncogenes that are also expressed by
HRHPV episomes (19–22) suggests that there is a delicate
balance between elicitation and inhibition of an antiviral re-
sponse in cells containing HPV16 episomes. Perturbation of this
balance may be the key to induction of the events shown in Fig.
4, and this in turn may be related to deregulation of virus or host
gene expression due to genetic and�or epigenetic mechanisms.

Evidence from our parallel study (M.T.H., M.R.P., I. Roberts,
W. O. F. Alazawi, A. E. Tescherndorff, X.-Y. Zhang, M.A.S.,
and N.C., unpublished data) that selectable integrated HPV16
can exist in a minority of cells in a polyclonal population for long
periods without exerting a selective growth advantage argues
against integration itself serving as the stimulus for episome loss.
In an earlier study using W12.Series1 (8), we demonstrated
increased expression (relative to an episome only population) of
IFN-inducible genes in late passage integrant-only cells that had
acquired high-level genomic instability after viral integration.
These cells had undergone �40 population doublings after the
selected integrant first became detectable, and had acquired
many more chromosomal abnormalities than seen in any of the
samples in the present study (Fig. 9, which is published as
supporting information on the PNAS web site). This finding
argues that high-level genomic instability in a HRHPV-infected
cell may also activate genes inducible by the type I IFN pathway,
despite the deregulated expression of the viral oncogenes.

It will now be important to assess whether the events that we
have observed in W12 are also seen during spontaneous selec-
tion of other integrated HRHPV types. It may be possible to use
other naturally infected keratinocytes, such as the HPV31b-
containing cell line CIN612, for which episome-only and inte-
grant-only forms are described (13). Given our evidence that
episome loss and selection of integrated HPV16 occurs very
rapidly in vitro, it will be difficult to detect similar events
occurring in vivo. Nevertheless, our data are supported by the
observation that most cervical carcinomas containing integrated
HRHPV have little or no detectable episomal DNA (3, 27–31).
Although some carcinomas do contain both episomal and inte-
grated virus, in situ analysis has shown that regions containing
only integrated HRHPV exist adjacent to regions containing
apparently only episomes (32). Thus, in these cases, episome loss
in the context of integrant selection is also applicable. On the
other hand, �12.5% of cervical carcinomas appear to contain
transcripts derived only from episomal HRHPV (3), suggesting
an alternative pathway of episome-driven carcinogenesis that
warrants further investigation.

We conclude from the W12 model system that induction of
episome loss, associated with activation of antiviral response
genes, is a key event in spontaneous selection of cells containing
integrated HPV16. We propose that a revision of the current
model of HPV16-induced cervical neoplasia is required. Pro-
gression of lesions in which HPV16 integration plays a role
requires not only integration per se, but also loss of regulatory
episomes.

Materials and Methods
Cell Culture. Cell culture was as described (12, 33). Single-cell
clones were generated by limiting dilution (34) from W12.Series1
at passage 11, when rapid episome loss was occurring (Fig. 1B).
The single colonies generated were expanded in six-well plates
for analysis of HPV16 physical state and levels of expression of
host and viral genes. At �80% confluence, fibroblast feeder cells
were removed, followed by extractions of genomic DNA as
described (8) and of RNA using TRIzol (Invitrogen).

Southern Blot Analysis of the Physical State of HPV16. Five micro-
grams of genomic DNA was restriction enzyme digested, elec-
trophoresed through a 0.8% agarose gel, with appropriate copy
number controls, and transferred to Hybond-N� nylon mem-
brane (Amersham Pharmacia) (8, 10). Probe was prepared by
excision of full-length HPV16 DNA from the pspHPV16 plasmid
(12), followed by labeling with [�-32P]dCTP by random priming.
HPV16 was detected and quantified by using a PhosphorImager
(Fuji).

Fig. 4. Proposed scheme of events leading to the selection of keratinocytes
containing only integrated HPV16 in W12. E6�E7EPI and E6�E7INT refer to
episome- and integrant-derived viral oncogene expression, respectively.
HPV16EPI and HPV16INT refer respectively to episomal and integrated HPV16.
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Preparation and Hybridization of Probes for Microarray Analysis.
Total RNA from W12 samples was used to generate biotin-
labeled cRNA for microarray analysis. Two technical replicates
were performed for each sample to control for variation in
labeling and hybridization efficiency. Double-stranded cDNA
was synthesized by using SuperScript (Invitrogen), employing
the (dT)24-T7 promoter primer. Biotin-labeled cRNA was then
generated by Bioarray in vitro transcription (Enzo), and frag-
mented by metal-induced hydrolysis. Probe from each replicate
was hybridized, washed, stained, and scanned by the Medical
Research Council Geneservice (Cambridge, U.K.) using stan-
dard Affymetrix procedures. We used GeneChip HG-U133 Plus
2.0 Arrays (Affymetrix).

Analysis of Microarray Data. Data were analyzed by using GENE-
SPRING (Agilent Technologies). Initially, a ‘‘per chip’’ normal-
ization to the 50th percentile was performed, followed by a ‘‘per
gene’’ normalization using the mean expression values for each
gene across the replicates of the reference W12p10EPI. Statistical
analysis was performed in the ‘‘log of ratio’’ mode to give equal
weighting to increases and decreases in expression level. Given
that geometric mean values were used, this centered the expres-
sion values of all genes in the reference sample at or around 1,
and gave expression values for the clones that equated to the
expression ratio relative to the W12p10EPI reference. Stringent
criteria were then applied to highlight significant gene expres-
sion changes. First, we filtered out genes with expression levels

not altered by at least 1.5 fold in either of the clones relative to
the reference. Second, to include OFF 3 ON and ON 3 OFF
genes, we further considered genes flagged as present or mar-
ginal in both replicates of at least one of the three populations
analyzed. Because low-range expression values may be unreli-
able, only genes with at least one raw value of �100 when flagged
as present or marginal were analyzed. After filtering, a one-way
ANOVA was performed to detect genes with significantly
altered expression (P � 0.05) in at least one of the three
populations analyzed. K means cluster analysis was then applied
to the set of significantly altered genes. GO biological process
analysis was performed by using the GOMINER tool (35). Signif-
icant enrichment of specific GO biological processes in each k
means cluster was determined by using a one-sided Fisher’s exact
test (35). P values were adjusted by using a false discovery rate
correction (36).

Real-Time RT-PCR. Quantitative PCR of cDNA was performed to
quantify viral gene expression and validate changes in expression
of selected host genes. We adapted SYBR green protocols and
used four housekeeping genes to normalize expression levels
(see Supporting Text).
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